We assessed the magnitude of the genetic component in the variation of circulating levels of insulin-like growth factors I and II (IGF-I and IGF-II), and their binding proteins IGFBP-1 and IGFBP-3 by measuring their serum concentrations in 32 monozygotic and 47 dizygotic adult twin pairs of the same sex. The intrapair correlation for the IGF-I levels was r = 0.41 (P < 0.009) for monozygotic twins and r = 0.12 (P < 0.22) for dizygotic twins. For the IGF-II concentration the intrapair correlations were r = 0.66 (P < 0.0001) for the monozygotic and r = 0.34 (P < 0.01) for the dizygotic twins. No significant intrapair correlation was found for IGFBP-1 levels in either group. The correlations for IGFBP-3 concentration were r = 0.65 (P < 0.0001) and r = 0.23 (P < 0.06) for monozygotic and dizygotic twins, respectively. Women had higher IGF-II levels than men (635+/-175 vs. 522+/-144 microg/liter; P < 0.0001) and IGFBP-3 levels were also higher in women compared with men (5441+/-1018 vs. 4496+/-1084 microg/liter; P < 0.001). The proportion of variance attributable to genetic effects was 38% for the IGF-I concentration, 66% for the IGF-II concentration, and 60% for the IGFBP-3 concentration. No significant heritability was found for the IGFBP-1 concentrations. Our results show that, in adults, there is a substantial genetic contribution responsible […] Research Article
Introduction
The IGF system plays an important role in cell growth, differentiation, and mediation of the actions of growth hormone (1) . It includes insulin-like growth factors I and II, their receptors, and six binding proteins (2, 3) . Both IGF-I and IGF binding protein-3 (IGFBP-3) 1 are growth hormone dependent (4), whereas IGF-II is not (1) . IGFBP-3 is a glycoprotein that forms a 140-kD complex with the IGFs and an acid-labile component. IGFBP-3 is the major IGF-binding protein in serum and it serves as a reservoir for the IGFs in circulation. IGFBP-1 is a nonglycosylated 30-kD protein involved in metabolic adaptation to nutritional stimuli and local regulation of the IGF action. The IGFBP-1 levels are down-regulated by insulin (5) , and up-regulated by thyroxine (6, 7) . Both IGF-I and IGF-II are products of single genes, located on the long arm of chromosome 12, and on the short arm of chromosome 11, respectively (8, 9) . The IGFBP-1 gene has been localized to chromosome 7, where it is contiguous with the gene encoding IGFBP-3 (10, 11).
Twin studies are used to estimate the overall contribution of genetic effects in the variation of a given marker. Kao and co-workers found that in children the variation in IGF-I levels is almost completely of genetic origin (12) . The present study was undertaken to assess the magnitude of the genetic component in the variation of circulating levels of IGF-I, IGF-II, IG-FBP-1, and IGFBP-3 in adult twins.
Methods
79 twin pairs with a mean age of 65 years (range, 44-77) participating in an ongoing study of glucose metabolism were included in the present study. The pairs were selected from the Finnish Twin Cohort independently of their health status (13) . They all were resident in the Helsinki metropolitan area. Zygosity was diagnosed by a questionnaire method according to similarity at school age and validated by blood group testing (14) . Serum samples were obtained from the subjects after overnight (more than eight hours) fasting and stored at Ϫ 20 Њ C.
IGF-I was determined from the serum samples using RIA Kits from INCSTAR Corp. (Stillwater, MN). The assay uses acid treatment and ODS-silica gel extraction to dissociate IGF-I from its binding proteins. It had a sensitivity of 2.0 nmol/liter and the intraassay coefficient of variation (SD/mean) was 10% at the level of 13 nmol/ liter.
Monoclonal antibody against recombinant hIGF-II (Austral Biologicals, San Ramon, CA) was generated essentially as described before for another protein (15) . IGF-II was measured by a competitive immunofluorometric assay using immobilized monoclonal anti-IGF-II antibody and Europium-labeled recombinant human IGF-II. IGF-II was labeled with the Delfia Eu-labeling reagent (Eu-chelate of isothiocyanatobenzyl-diethylene-triaminetetraacetic acid; Wallac, Turku, Finland) (15) . For solid-phase coating rabbit anti-mouse immunoglobulins (Dakopatts, Glostrup, Denmark), 2 g/200 l Tris buffer (50 mmol/liter Tris-HCl, pH 7.7, containing 9 grams/liter NaCl and 0.5 grams/liter NaN 3 ), were adsorbed onto polystyrene microtiter wells (Eflab, Helsinki, Finland) by an overnight incubation at room temperature. After washing with washing solution (Tris buffer containing 0.5 grams/liter Tween 20) the strips were saturated with 1% bovine serum albumin for 2 h. Monoclonal mouse anti-human IGF-II, clone F69-1F6, 40 ng/200 l assay buffer (Tris buffer containing 5 grams/liter bovine serum albumin, 0.5 grams/liter bovine gammaglobulin, 2 grams/liter diethylenetriaminepentacetic acid, and 0.1 grams/ liter Tween 20) were added into the wells and incubated at room temperature. After 1 h the wells were washed twice with washing solution. The standards were recombinant human IGF-II diluted in normal horse serum (Vector Laboratories, inc., Burlingame, CA) and extracted like the serum samples. The IGFs were separated from the IGFBPs by extraction in formic acid: 50 l serum and 25 l 8 mol/liter formic acid containing 0.05% Tween 20 were mixed, 175 l ice cold acetone was added, mixed and centrifuged at 5,000 g 4 Њ C for 15 min. The supernatant (200 l) was transferred to another tube, evaporated under nitrogen for 0.5 h, then dissolved in 200 l distilled water and lyophilized. The lyophilized sample was suspended in 120 l assay buffer.
In the assay, 25 l sample and 150 l assay buffer were added into the antibody coated microtiter wells and, after overnight incubation at 4 Њ C, Europium-labeled IGF-II (2 ng/50 l) was added to the wells and incubated for another 40 min at room temperature. After washing four times 200 l enhancement solution (0.1 mol/liter acetate phthalate buffer, pH 3.2, containing 0.1 ml/liter Triton X-100, 15 mol/liter 2-naphthoyl trifluoroacetone, and 50 mol/liter tri-n-octylphosphine oxide; LKB Wallac). The wells were shaken gently for 2 min and the fluorescence was measured by Delfia research fluorometer (model 1234; LKB Wallac). Sensitivity of the IGF-II assay was 120 g/liter, intraassay coefficients of variation were 7.2% at 806 g/liter and 8.6% at 406 g/liter, and interassay coefficients of variation were 4.9% at 779 g/liter and 13% at 379 g/liter. For analytical recovery IGF-II was added to serum and four separate extractions were assayed in duplicate. Analytical recovery was 75-125% (Table I) . Cross-reactivities were tested with 1 mg/ml of IGF-I (Austral Biologicals), IGFBP-1 (16), IGFBP-3 (Celtrix Pharmaceuticals) and IG-FBP-2, -4, -5, -6 (Austral Biologicals). IGFBPs 1 to 6 and IGF-I did not cross-react in the IGF-II assay when added directly to the immunoassay, nor did they affect the IGF-II levels when added to serum before extraction. The IGF-II standard curve and dilution curve of extracted serum were parallel. Normal serum levels of IGF-II were 653 Ϯ 126 g/liter (mean Ϯ SD, range 353-909 g/liter, n ϭ 34).
The fasting serum IGFBP-1 concentration was determined by a two-site immunofluorometric assay as described earlier (17) using two monoclonal antibodies, F34-15C9 and F36-9G3. The intra-assay variation was 3-11%, the interassay variation was 4-10% and the sensitivity of the assay was 0.1 g/liter.
IGFBP-3 was determined from serum samples using monoclonal antibodies (mAb) generated against recombinant IGFBP-3
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(Celtrix Pharmaceuticals Inc., Santa Clara, CA) (15) . The assay used mAb F42-1B6 as the solid phase antibody and mAb F41-5C11 as the Eu-labeled tracer. The intraassay coefficient of variation was 3.6-6.2% and the interassay coefficient of variation 5.4-11%. The assay had no cross-reactions with the other human IGFBPs or IGFs.
Statistical analyses were based on standard methods used for twin data as follows: Trait values were adjusted by linear regression analyses to adjust for the effect of age and gender, whenever significant gender or both gender and age related effects were detected. No gender by age interactions were found. For IGFBP-1 logarithmic transformation was carried out before statistical analyses to correct for skewness. To estimate genetic and environmental components of variance of the traits, standard univariate twin analyses were carried out (18) . These included the test of homogeneity of the mean values and variances across the twin type. Maximum likelihood analyses based on sample covariance matrices were used to estimate the components of variance (18, 19) . Under the current study design of twins reared together it is possible to model four separate components: (A) an additive genetic component, (D) effects due to dominance, and (C) shared and (E) non-shared environmental components. One can fit the models based on different combinations of these parameters: AE, ACE, ADE, and CE but the effects due to dominance and shared environmental effects cannot be simultaneously modeled with data from twins reared together (19) . Chi-square goodness-of-fit statistics were used to assess how well the model fitted the data. The superiority of alternative hierarchically nested models was assessed by the difference of 2 values of the models which itself is 2 -distributed with degrees of freedom equal to the degrees of freedom of the models to be compared. This was done by comparing first an AE model with an E model as a test for the presence of significant genetic ef- fects. Next the AE model was tested against the ADE model as a test for significant non-additive genetic effects, and finally against the ACE model as a test of significant shared environmental effects.
Results
There were 32 monozygotic and 47 like-sexed dizygotic twin pairs of which 42 were female and 37 male pairs. Women had higher IGF-II levels than men, 653 Ϯ 175 vs. 522 Ϯ 144 g/liter (mean Ϯ SD), respectively ( P Ͻ 0.0001). The IGFBP-3 levels were also significantly higher in women compared with men 5441 Ϯ 1018 vs. 4496 Ϯ 1084 g/liter (P Ͻ 0.001). The differences remained significant after adjustment for age. IGF-II and IGFBP-3 values were adjusted for gender and age before the twin analyses. The intrapair correlations for the IGF-I levels were r ϭ 0.41 (P Ͻ 0.009) for monozygotic twins and r ϭ 0.12 (P Ͻ 0.22) for dizygotic twins of the same sex (Fig. 1) . The intrapair correlation for the IGF-II concentration was r ϭ 0.66 (P Ͻ 0.0001) for monozygotic twins and r ϭ 0.34 (P Ͻ 0.01) for dizygotic twins of the same sex (Fig. 2) . The correlations for the IGFBP-3 levels were r ϭ 0.65 (P Ͻ 0.0001) for monozygotic pairs and r ϭ 0.23 (P Ͻ 0.06) for dizygotic pairs of the same sex (Fig. 3) . No significant intrapair correlations were found for the IG-FBP-1 concentrations in monozygotic twins r ϭ 0.12 (P Ͻ 0.2) or dizygotic twins r ϭ 0.18 (P Ͻ 0.1).
The estimated heritability, i.e., the proportion of variance attributable to genetic effects in the best fitting AE-model was 38% for the IGF-I concentration, 66% for the IGF-II concentration, and 60% for the IGFBP-3 concentration. For all three traits the E model fitted the data poorly (P Ͼ 0.05) and additional parameters (D or C) did not improve the model fit. No significant heritability was found for the IGFBP-1 concentrations.
Discussion
The IGF-I and IGFBP-3 levels are age-dependent. Normally serum IGF-I and IGFBP-3 concentrations increase until puberty and decrease thereafter (20, 21) . We found that the intrapair correlation for the IGF-I levels was much weaker in adult monozygotic twins compared with that reported recently by Kao and colleagues for children (12) . This suggests that agerelated factors may affect the expression of the gene.
The variation in IGF-II concentration was most remarkably influenced by the genetic component. To our knowledge, this is the first demonstration of such a relationship based on a representative number of healthy monozygotic and dizygotic twin pairs. Interestingly, women had higher levels than men. The reason for this is not clear yet. The regulation of serum IGF-II concentration is poorly understood, however, there are no significant changes in IGF-II serum concentrations during puberty (1) .
Our data showed a more pronounced genetic influence responsible for the variation of serum IGFBP-3 levels compared with previous studies (23) . The estimated heritability for the IGFBP-3 levels was much higher than for the IGF-I levels but not as high as for the IGF-II levels. This is not unexpected since the three traits are interrelated and a linear correlation has been reported between the sum of concentrations of IGF-I and IGF-II, and IGFBP-3 (21) . Classically serum IGFBP-3 levels are known to vary according to growth hormone secretion (24) . Other factors influencing the circulating IGFBP-3 level include age, pubertal development, nutrition, and hepatic function (21) . Recent studies have shown that partial proteolysis of IGFBP-3, initially observed in pregnancy sera (25, 26) , decrease the affinity for IGF-I of this binding protein. Proteol- ysis has been detected under various pathological conditions (27) (28) (29) , but its role under normal physiological circumstances is less clear. IGFBP-3 proteolysis may be regulated by insulin (29) and it may reflect a long-term adaptive process to regulate bioavailability of IGFs whereas IGFBP-1 is the primary regulator on a minute-to-minute basis (30) . In our study we found that serum IGFBP-1 levels were regulated solely by environmental factors. However, it is possible that the genetic component was not uncovered due to the wide interindividual variation of fasting serum IGFBP-1 concentrations. The sampling was standardized by obtaining serum from the subjects in the morning after at least eight hours of fasting. However, knowing the substantial diurnal variation of IGFBP-1 levels (2) the highest concentration of IGFBP-1 (fasting) may not necessarily be solely informative as regards to IGFBP-1 production of an individual.
Growth hormone has a dominant role in determining the IGF-I and IGFBP-3 concentrations in serum (22) , and growth hormone has a major effect on height. The estimated heritability of height based on the present sample was 92%. The fact that there was no significant correlation between IGFBP-3 and height (r ϭ Ϫ0.04, NS) does not bear strong evidence that those genetic factors which mediate height and IGFBP-3 level are closely linked. However, it is conceivable that in younger individuals the genetic impact of serum IGFBP-3 is different. This is supported by studies in children where relative body height, determined largely by growth hormone secretion, is more closely correlated with serum IGFBP-3 levels (22, 31) compared with the adults in this study.
We conclude that there is a major genetic component responsible for the variation of serum IGF-II and IGFBP-3 levels and a modest genetic component responsible for the IGF-I levels in adults.
